Farnesoid X receptor (FXR, Nr1h4) and small heterodimer partner (SHP, Nr0b2) are nuclear receptors that are critical to liver homeostasis. Induction of SHP serves as a major mechanism of FXR in suppressing gene expression. Both FXR −/− and SHP −/− mice develop spontaneous hepatocellular carcinoma (HCC). SHP is one of the most strongly induced genes by FXR in the liver and is a tumor suppressor, therefore, we hypothesized that deficiency of SHP contributes to HCC development in the livers of FXR −/− mice and therefore, increased SHP expression in FXR −/− mice reduces liver tumorigenesis. To test this hypothesis, we generated FXR −/− mice with overexpression of SHP in hepatocytes (FXR −/− /SHP Tg ) and determined the contribution of SHP in HCC development in FXR −/− mice. Hepatocyte-specific SHP overexpression did not affect liver tumor incidence or size in FXR −/− mice. However, SHP overexpression led to a lower grade of dysplasia, reduced indicators cell proliferation and increased apoptosis. All tumor-bearing mice © 2013 Elsevier Inc. All rights reserved.
Introduction
Hepatocellular carcinoma (HCC) accounts for 85% of primary liver cancers and represents a major health problem worldwide for its high prevalence and poor prognosis. Chronic viral infections and hepatotoxic agents are the major risk factors contributing to HCC etiology. Although common pathological changes in HCC are well characterized, which consist of intertwined chronic injury and inflammation, the precise molecular mechanisms underlying HCC development are still unclear . Emerging evidence strongly indicate that the molecular pathogenesis of HCC is multi-faceted (El-Serag, 2011 , and increase in bile acids promotes HCC formation in rodents {Cameron, 1981 #2797) and is associated with HCC development in humans (Chen et al., 2011) .
Farnesoid X receptor (FXR, Nr1h4) and small heterodimer partner (SHP, Nr0b2) are ligandactivated nuclear receptors (NRs) and are important in regulating liver functions, including bile acid metabolism, lipid homeostasis, drug disposition, inflammation, cell growth and differentiation, and tumorigenesis (Zhang et al., 2011; Zhu et al., 2011) . Bile acids are endogenous ligands of FXR and FXR is essential in regulating bile acid homeostasis (Makishima et al., 1999; Parks et al., 1999; Sinal et al., 2000; Wang et al., 1999) . Increase in bile acids causes liver injury, which may serve as one of the mechanisms of HCC formation in FXR −/− mice by activating cell proliferating pathways, such as β-catenin (Wolfe et al., 2011) . Furthermore, liver injury leads to increased IL-6 levels, which can activate STAT3, and STAT3 activation is a well-known mechanism responsible for liver carcinogenesis (Yu et al., 2009) . Emerging evidence showed FXR deficiency led to STAT3 activation (Meng et al., 2012; Xu et al., 2012) , indicating that STAT3 activation may also be involved in liver carcinogenesis with FXR deficiency. SHP is highly induced by FXR activation in the liver (Li et al., 2010) , and both FXR −/− and SHP −/− mice develop spontaneous HCC (Kim et al., 2007; Yang et al., 2007; Zhang et al., 2008) . Increasing evidence indicates that SHP possesses potent tumor-suppressive activity by inhibiting cell proliferation and promoting apoptosis (He et al., 2008; Zhang et al., 2010; Zhang et al., 2008) . However, the mechanisms whereby FXR suppresses liver carcinogenesis are not completely clear. Understanding the mechanisms will provide critical scientific basis to help understand HCC carcinogenesis, which may be used to improve the HCC therapeutic strategy. Therefore, we hypothesize that deficiency of SHP contributes to HCC development in FXR −/− mice and increase in SHP expression in FXR −/− mice reduces liver tumorigenesis. In the current study, we have generated FXR −/− /SHP Tg mice in which SHP was overexpressed in hepatocytes of FXR −/− mice. With this unique mouse model, we have determined the contribution of SHP to liver tumor development in FXR −/− mice.
Materials and Methods

Animals and treatments
All mice were housed and bred in pathogen-free animal facilities in the Laboratory of Animal Research under a standard 12-hr light/dark cycle with free access to food and autoclaved tap water. All protocols and procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at the University of Kansas Medical Center. Four mouse strains in C57BL/6J genetic background were bred in house and used in this study: wild-type (WT), FXR −/− , SHP-hepatocyte transgenic (SHP Tg ) and FXR −/− /SHP Tg mice. The FXR −/− /SHP Tg mice were created by cross-breeding FXR −/− and SHP Tg mice. For genotyping, tail DNA extraction and standard PCR amplification were performed using a Sigma RED Extract-N-Amp Tissue PCR Kit obtained from Sigma-Aldrich (St. Louis, MO). The sequence of the primers used for genotyping the FXR allele and SHP transgenic allele were presented in supplemental table 1. Both male and female mice were sacrificed at 3, 6, 12 and 18 months of age with n=14-20/gender/genotype/time point.
Mouse liver tissue processing
Liver tissues were either snap-frozen in liquid nitrogen followed by RNA and protein preparations or fixed in 4% formaldehyde-PBS solution, embedded in paraffin, and cut into 5-μm sections for hematoxylin and eosin (H&E) staining or immunohistochemistry. The pathology analysis was performed by Dr. Ossama Tawfik who is a board-certified pathologist with liver experience at the Department of Pathology and laboratory of Medicine at the University of Kansas Medical Center.
5-bromo-2-deoxyuridine (BrdU) staining
To assess liver cell proliferation, 3-and 12-month-old WT, FXR −/− , SHP Tg , and FXR −/− /SHP Tg mice were injected intraperitoneally with 50 mg/kg of BrdU (BD Biosciences, San Jose, CA) in PBS daily for 5 days. The livers were harvested 2 hrs after the last injection. BrdU staining results were quantitated by assessing at least 1000 cells per tissue section to calculate the percentage of positive nuclei (brown nuclei) at 400×magnification.
Terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) assay
To determine cell apoptosis, the TUNEL assay was performed on liver sections using a TUNEL kit (In Situ Cell Death Detection Kit AP, Roche Diagnostics, Indianapolis, USA) according to the manufacturer's recommendations. The numbers of apoptotic hepatocytes were counted in 10 randomly chosen 400X magnification fields using an Olympus BX51 microscope (Hitschfel Instruments, Inc., St. Louis, MO), and the apoptotic TUNEL index was determined as number of apoptotic cells per 1000 cells (‰).
Arginase 1 Immunohistochemistry staining
Immunohistochemistry for arginase 1 was performed using a rabbit polyclonal antibody against arginase-1 (H-52: sc-20150, Santa Cruz, TX) at 1:100 dilution with a labeled streptavidin-biotin-peroxidase complex technique. Briefly, liver tissue sections were deparaffinized and hydrated in xylene and descending grades of alcohol. After rinsing in PBS, antigen retrieval was performed by boring the tissue sections in citrate buffer, pH 6.0 for 10 min. The endogenous peroxidase activity was quenched in 3% hydrogen peroxide for 10 min and endogenous biotin was blocked with avidin/biotin blocking kit (VECTASTAIN, SP-2001) for 30 min before blocking by 5% goat serum for 30min, and subsequently incubated with primary antibody for 1.5 hrs at room temperature. The antibody reaction was detected with the avidin-biotin detection kit using diaminobenzidine (DAB) as chromogen. Sections were counterstained with hematoxylin for 3 min before checked under microscope.
Liver IL-6 levels and serum ALT activity, total bile acids, and IL-6 level Serum ALT activity and bile acid levels were determined using commercially available kits (Pointe Scientific, Canton, MI and Bio-Quant, San Diego, CA, respectively) according to the manufacturers' instructions. Serum and liver IL-6 levels were measured with a custom Milliplex MAP kit for mouse cytokines (Millipore Corporation, Billerica, MA) using the Bio-Plex 200 System (Bio-Rad Laboratories).
RNA isolation and quantitative real-time PCR (Q-PCR)
Total RNA was isolated from frozen livers by TRIzol reagent. The mRNA expression levels of genes were quantified by Q-PCR using SYBR green chemistry (Fermentas, Glen Burnie, MD) and normalized to Gapdh mRNA levels. The names of the genes and the primers are listed in Supplemental Table 1 .
Western blot analysis
Proteins were isolated and quantitated by standard method and the Western blot analysis was performed as previously described on total, nuclear and cytoplasmic proteins (Maran et al., 2009) . Antibodies are described in Supplemental Table 2 .
Statistical analysis
All data were presented as mean ± SD, and were analyzed by one-way analysis of variance followed by the Student-Newman-Keuls test. P < 0.05 was considered statistically significant.
Results
Generating FXR −/− /SHP Tg mice-We have generated the FXR −/− /SHP Tg mice in which SHP was overexpressed in hepatocytes of FXR −/− mice. The successful generation of the FXR −/− /SHP Tg mice was confirmed by PCR-based genotyping ( Figure 1A ) and by measuring mRNA levels of FXR and SHP ( Figure 1B ). The liver/body weight ratio remained similar among all four strains at 3 and 6 months of age. Starting from 12 months, the liver/body weight ratio was much higher in the FXR −/− and FXR −/− /SHP Tg mice ( Figure  1C ).
Overexpression of SHP did not reduce tumor incidence or size, but decreased tumor malignancy-Liver tumor development was examined in WT, FXR −/− , SHP Tg , and FXR −/− /SHP Tg mice at 3, 6, 12 and 18 months of age. Grossly identifiable liver tumors were not found in WT or SHP Tg mice at all ages examined, but tumors were found in FXR −/− and FXR −/− /SHP Tg mice at 12 and 18 months of age with no gender difference (Figure 2A ). Interestingly, the tumor incidence in FXR −/− mice [9 of 16 (56.3%)] is slightly lower than that in FXR −/−/SHPTg mice [9 of 14 (64.3%)] at 12-month-old age. However, both strains develop 100% tumors at 18-month-old age ( Table 1 ). The overexpression of SHP cannot prevent the tumor development in FXR−/− mice. Liver pathology in 18-month old, tumor-bearing mice included portal and parenchymal inflammation, hepatocellular dysplasias and HCC ( Figure 2B ), as well as steatosis, bile ductular proliferation, patchy parenchymal necrosis, bile duct adenoma, and bile duct carcinoma (data not shown). As mentioned earlier, the liver/body weight ratio increased dramatically in FXR −/− and FXR −/− /SHP Tg , but not in WT and SHP Tg mice at 12 and 18 months of age. However, hepatocellular dysplasias, portal and parenchymal inflammatory cell infiltration were found ~20-40% less in FXR −/− /SHP Tg mice than in FXR −/− mice, indicating that SHP overexpression likely reduces tumor malignancy (Table 2) . Arginase immunohistochemistry staining showed that arginase-1 immunostaining was stronger in FXR −/− mouse livers than in FXR −/− /SHP Tg mouse livers at 18-month old (Supplemental Figure 1) .
Cell proliferation and apoptosis
Hepatocyte proliferation, assessed by BrdU incorporation, was examined in 3-and 12-month old mice. At 3-month old, BrdU staining markedly increased in FXR −/− and FXR −/− /SHP Tg mice, but not in WT and SHP Tg mice ( Figure 2C ). At 12 months of age, hepatocyte proliferation was slightly increased only in FXR −/− mice, but not in other strains. We then determined the degree of apoptosis in livers of these mice at 3 and 12 months of age by TUNEL assay ( Figure 2D ). In agreement with the previous report (Zhang et al., 2010) , SHP overexpression increased the degree of apoptosis in both 3-and 12-month old mice. Interestingly, both FXR −/− and FXR −/− /SHP Tg mice markedly increased apoptosis at 3 months of age, but this trend did not continue with aging, as the 12-month old FXR −/− and FXR −/− /SHP Tg mice had a lower degree of apoptosis than the 3-month old mice had, albeit still higher than WT mice at this age.
Serum ALT and BA levels-Both serum ALT activity and bile acid levels were normal in WT and SHP Tg mice in all ages examined, but were markedly increased in FXR −/− and FXR −/− /SHP Tg mice in an age-dependent manner (Figure 3 ).
Cyclin D1 levels-Cyclin D1 is critical for cell proliferation and has been shown to be a negative target gene of SHP . Levels of CyclinD1 mRNA were increased in livers of 12-and 18-month old FXR −/− and FXR −/− /SHP Tg mice, but not in younger mice ( Figure 4A ). Levels of CyclinD1 protein were determined in livers of 3-and 18-month old mice, and the results showed that no difference was found at 3-month old, but at 18-month old, FXR −/− and FXR −/− /SHP Tg mice had higher CyclinD1 protein levels ( Figure 4B ).
Activation of STAT3 in the liver of FXR −/− and FXR −/− /SHP Tg mice-Despite histologic evidence of reduced tumor malignancy in SHP-overexpressing mice, tumor incidence and size was similar in FXR −/− mice regardless of SHP expression levels. This result indicates a cell-proliferative pathway mainly regulated by FXR is responsible for early development of liver tumors. To elucidate the early events during liver carcinogenesis mediated by FXR deficiency, we focused on determining the activation of several signaling pathways that are known to contribute to HCC development in 3-month old mice. STAT3 activation, revealed by Tyr705 and Ser727 phosphorylation, was increased in FXR −/− and FXR −/− /SHP Tg mice, whereas total STAT3 protein levels remained unchanged ( Figure 5A ). Moreover, phosphorylated JAK2, the up-stream activator of STAT3, was increased in FXR −/− and FXR −/− /SHP Tg mouse livers and decreased in SHP Tg mice ( Figure 5A ). The protein levels of glycoprotein 130 receptor (GP130), the IL-6 receptor that activates the STAT3 pathway, were slightly decreased in livers of SHP Tg mice only ( Figure 5A ). Protein levels of total and phosphorylated STAT1, total JAK1 (receptor to activate STAT1), total and phosphorylated mTOR and its pathway components (Rictor, Raptor, and GβL), and nuclear and cytoplasm nuclear factor-Kappa B (NF-κB), were not changed in these mice except for reduced phosphorylated JAK1 in FXR deficient mice ( Figure 5B , 5C, 5D).
It is clear that STAT3 is activated by FXR deficiency. Therefore, we determined the mRNA levels of several STAT3 target genes, c-Myc, p21, Survivin and Socs3 (Yu et al., 2009) , in livers of all genotypes at 3, 6, 12 and 18 months. As anticipated, the mRNA levels of c-Myc, p21 and Survivin, but not Socs3, were induced in FXR −/− and FXR −/− /SHP Tg mice ( Figure  6A ). Socs3, a feedback inhibitor of the JAK2/STAT3 pathway, were slightly decreased in livers of FXR −/− and FXR −/− /SHP Tg mice. STAT3 is known to be activated by IL-6, and the increased bile acids following FXR deficiency is known to induce inflammation. Thereby, we have measured the IL-6 protein levels in serum in 3-, 6-, 12-and 18-month old WT, SHP Tg and FXR −/− mice and the results showed that at all ages, the FXR deficiency increased IL-6 levels in the serum ( Figure 6B ), and at 3-month old, deficiency of FXR also tended to increase IL-6 levels in the liver without statistical significance ( Figure 6B ). We then measured the mRNA levels of IL-1β and IL-6, as well as IL-1α. There was no change in the mRNA levels of IL-1α (data not shown), but increased levels of IL-1β and IL-6 were associated with FXR deficiency ( Figure 6C ).
Discussion
In the present study, we have tested the hypothesis that deficiency of SHP contributes to the HCC development in FXR −/− mice and increase in SHP expression in FXR −/− mouse livers reduces liver tumorigenesis. The results showed that overexpression of SHP did not reduce tumor incidence or tumor size, but reduced tumor malignancy, likely through enhanced apoptosis. FXR deficiency increased bile acid and IL-6 levels, as well as JAK2/STAT3 activation, which is likely a mechanism contributing to HCC development following FXR deficiency. Together, these findings reveal that molecular mechanisms of spontaneous carcinogenesis in livers of FXR −/− mice are not only due to decreased SHP expression, but also due to activation of cell proliferation pathway(s) following cell injury and inflammation.
Both FXR −/− and SHP −/− mice develop spontaneous liver tumors (He et al., 2008; Kim et al., 2007; Yang et al., 2007; Zhang et al., 2008) . SHP is a well-known FXR target gene (Guo et al., 2003) , and over-expression of SHP inhibits HCC foci formation and arrests HCC tumor growth in xenografted nude mice models (He et al., 2008; Zhang et al., 2008) . Therefore, over-expression of SHP in livers of FXR −/− mice was used to determine if SHP deficiency is a major mechanism leading to HCC development in FXR −/− mice. In this study, although the FXR −/− /SHP Tg mice had similar tumor incidence and tumor size compared to FXR −/− mice, pathology analysis revealed that FXR −/− /SHP Tg mice had fewer dysplasia/HCC cells, less bile ductular proliferation and less portal/parenchymal inflammatory cell infiltration in the liver than FXR −/− mice had. Arginase-1 immunostaining was stronger in FXR −/− mouse livers than in FXR −/− /SHP Tg mouse livers at 18-month old. Arginase-1 has proven to be a new immunohistochemical marker in HCC and is highly expressed in HCC progression (Timek et al., 2012; Yan et al., 2010) . These results indicate that SHP may partially protect FXR −/− mice from the HCC formation by reducing tumor malignancy. Thus, our current results indicate that overexpression of SHP does not prevent tumor initiation and promotion but likely reduces tumor progression.
The current study showed that CyclinD1 expression was induced only in livers of old FXR −/− mice. Despite that SHP inhibits CyclinD1 expression in vitro , our study showed that overexpression of SHP in vivo did not affect CyclinD1 levels. Instead, a previous study reported that Wnt-β-catenin activated CyclinD1 in FXR −/− mice (Wolfe et al., 2011) . Therefore, the lack of Cyclin D1 induction may be a reflection of multifaceted regulation of Cyclin D1 following FXR deletion. Consistent with previous observations (Kim et al., 2007; Zhang et al., 2008) , increased apoptosis were detected in livers of FXR −/− and SHP Tg mice. In addition, despite a similar trend of reduction of apoptosis with aging in livers of FXR −/− and FXR −/− /SHP Tg mice, more apoptotic cells were found in aged FXR −/− /SHP Tg than in FXR −/− mice. This relatively higher degree of apoptosis likely is a main mechanism contributing to the reduced malignancy of HCC in FXR −/− /SHP Tg mice.
However, both FXR −/− and FXR −/− /SHP Tg mice showed similarly high tumor incidence (100% at 18 months of age), similar tumor size, marked increase in liver/body weight ratio, and serum ALT activity and bile acid levels. The hepatocyte proliferation index was also similar between FXR −/− and FXR −/− /SHP Tg mice. Furthermore, JAK2/STAT3 was specifically activated in livers of FXR −/− and FXR −/− /SHP Tg mice as early as 3 months of age, without showing signs of JAK1/STAT1, mTOR, or NF-κB activation. While we were preparing this manuscript, a recent publication showed inhibition of STAT3 activaty following FXR activation in vitro, which confirmed our results . We further showed that STAT3 target genes, including c-Myc, p21 and Survivin, were induced in livers of FXR −/− mice. These results showed that the JAK2/STAT3 pathway is activated by FXR deficiency, which is not prevented by SHP overexpression. Consistent activation of JAK2/ STAT3 signaling pathway may serve as a mechanism of liver carcinogenesis in FXR −/− mice.
Increased inflammatory cytokines, especially IL-6, have been shown to activate STAT3. FXR deficiency is known to increase levels of bile acids, which may lead to cell injury and inflammation. Indeed, mRNA levels of the inflammatory genes, IL-1β and IL-6, were induced in livers of FXR −/− and FXR −/− /SHP Tg mice with aging. It is likely that elevated bile acids induce IL-6, which in turn activates STAT3. IL-6 is a potent inflammatory cytokine playing a critical role in carcinogenesis (Naugler and Karin, 2008) , and its levels were dramatically increased in HCC patients with higher IL-6 levels associated with primary liver cancer progression (Porta et al., 2008) . Our results showed no activation of JAK1/ STAT1, but the JAK2/STAT3 signaling pathway was consistently activated in livers of FXR −/− mice. STAT3, which is most commonly activated by IL-6, serves as a crucial regulator of inflammation and carcinogenesis . Moreover, STAT3 works as a point of convergence of numerous oncogenic signaling pathways during HCC development Yu et al., 2009) . Upon activation, STAT3 induces the transcription of target genes crucial for cell proliferation. We showed that c-Myc, P21 and survivin, target genes of STAT3, were highly induced, especially in livers of aging FXR −/− mice. These results demonstrate that increased bile acids and IL-6 may contribute to activating the JAK2/STAT3 pathway in FXR −/− mice. Survivin belongs to the inhibitor of apoptosis protein (IAP) family, which inhibits caspases and blocks cell death. Studies have found that survivin is highly expressed in cancer and is associated with a poorer clinical outcome. In FXR −/− mice, survivin expression has been increased with aging, and overexpression of SHP could reduce the expression levels of survivin. These results indicate that SHP may induce apoptosis through inhibition the activation of survivin.
Collectively, our results demonstrate that SHP does not prevent FXR deficiency-induced HCC incidence and size, but significantly reduces tumor malignancy, indicating that overexpression of SHP may reduce tumor progression. Furthermore, the mechanism by which SHP protects from liver tumor progression may likely due to enhanced apoptosis. FXR deficiency increases bile acid levels, which may be a fundamental factor to induce inflammation, cell proliferation, and liver tumorigenesis. Summarized results of pathology for 18-month old male mice Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 October 15.
